Objectives-To appraise epidemiological evidence of the purported association between residential exposure to power frequency magnetic fields and adult cancers. Methods-Literature review and epidemiological evaluation. Results-Seven epidemiological studies have been conducted on the risk of cancer among adults in relation to residential exposure to power frequency magnetic fields. Leukaemia was positively associated with magnetic fields in three casecontrol studies. The other two case-control studies and two cohort studies did not show such a link. Brain tumours and breast cancer have rarely been examined by these studies. Based on the epidemiological results, the analysis of the role of chance and bias, and the criteria for causal inferences, it seems that the evidence is not strong enough to support the putative causal relation between residential exposure to magnetic fields and adult leukaemia, brain tumours, or breast cancer. Inadequate statistical power is far more a concern than selection bias, information bias, and confounding in interpreting the results from these studies, and in explaining inconsistencies between studies.
Results-Seven epidemiological studies have been conducted on the risk of cancer among adults in relation to residential exposure to power frequency magnetic fields. Leukaemia was positively associated with magnetic fields in three casecontrol studies. The other two case-control studies and two cohort studies did not show such a link. Brain tumours and breast cancer have rarely been examined by these studies. Based on the epidemiological results, the analysis of the role of chance and bias, and the criteria for causal inferences, it seems that the evidence is not strong enough to support the putative causal relation between residential exposure to magnetic fields and adult leukaemia, brain tumours, or breast cancer. Inadequate statistical power is far more a concern than selection bias, information bias, and confounding in interpreting the results from these studies, and in explaining inconsistencies between studies.
Conclusions-Our reviews suggested that the only way to answer whether residential exposure to magnetic fields is capable of increasing the risks of adult cancers is to conduct more studies carefully avoiding methodological flaws, in particular small sample size. We also suggested that the risk of female breast cancer should be the object of additional investigations, and that future studies should attempt to include information on exposure to magnetic fields from workplaces as well as residential exposure to estimate the effects of overall exposure to magnetic fields.
(Occup Environ Med 1996;53:505- 5 10) Keywords: magnetic fields; residential exposure; cancer For over a decade, a controversial question has emerged around the electricity we all depend on: does it have anything to do with cancer? In 1979, Wertheimer and Leeper first suggested a link between exposure to power frequency magnetic fields and certain types of childhood cancer, in particular leukaemia and brain tumours.' Some subsequent studies have added evidence in support of their findings, other studies have found no such link.
Previous studies tended to associate the risk of cancer with either residential or occupational exposure to magnetic fields, and usually evaluated the risk for children and adults separately. Results have been criticised mainly for inadequate exposure assessment. Recently, assessments of magnetic fields in both residential and occupational settings have improved significantly by on site measurements. Several extensive reviews of epidemiological studies on the association between cancer and electric and magnetic fields have been published.2-9 Based on these reviews, there seemed to be a tendency suggesting a moderate association with certain types of cancers, such as leukaemia and brain tumours. These findings came mostly from the studies of children and workers. Residential adult studies have not been extensive. This paper reviews residential studies of adult cancers and summarises the epidemiological evidence from these studies for the causal association between exposure to increased residential magnetic fields and risks of adult cancers.
Findings from studies of residential exposure to magnetic fields and adult cancers To our knowledge, there have been seven epidemiological studies designed to investigate the risk of adult cancers in association with residential exposure to magnetic fields;'106 five casecontrol studies' '-'4 and two cohort studies (table   1) ).5 16 The most important methodological feature of these studies was the strategy used to assess residential magnetic fields. Wertheimer and Leeper,'0 duplicating the methods of their 1979 study, used wiring configuration in the vicinity of the homes. The same strategy was adopted by Severson et al.
I I Distance from power transmission lines or substation equip- There were several potential sources of bias that could have affected the relative risk estimates in these studies. We shall consider three of them: the bias from selection of study subjects in the case-control studies or from incomplete follow up in the cohort studies; the bias from exposure assessment of residential magnetic fields; and the bias from confounding.
Five case-control studies recruited cases from regional cancer registries'0-14 and assembled controls from several sources: non-cancer deaths and neighbours of cases,'0 random digit dialing," cancer registry data excluding lymphoma and electoral roll,'2 hospital patients with non-malignant diseases,'3 and community healthy controls.'4 Given the quality of cancer registries in the study areas, the likelihood that a socioeconomic gradient played a part in the reporting of cancers to the cancer registry was considered very small, which leaves little room for selection bias for cases with increased exposure (presumably exposure is associated with socioeconomic variables) to be recruited. These control selection methods generally are appropriate except that the choice of controls in the study of Coleman et al'2 created a potential for spuriously low relative risk estimates because CNS tumours were not excluded from the control candidates. The almost complete follow up of the two cohort studies'5 16 avoided the potential for selection bias due to loss of follow up.
Assessment of residential magnetic fields was essential for the validity and the inferences of these studies. Distance from major power facilities, wiring configurations, and intensity of magnetic fields estimated from load on the Power*
power lines were three frequently used surrogates for direct measurements of residential magnetic fields and were treated as semiquantitative methods. Short term on site measurements of magnetic fields for each person's residence was carried out in only two studies." 14 Although the mechanism by which magnetic fields interact with the human body has yet to be understood, it is reasonable to assume that prolonged exposure to magnetic fields is required for onset of cancer. Given the fluctuation of magnetic fields within a day, a month, and a year, the semiquantitative methods already described seem more reliable than short term on site measurements to measure long term exposure to magnetic fields. Because there are no convincing data to substantiate this assertion, the possibility that these semiquantitative methods may have produced a misclassification of true exposure at least to some extent should not be completely excluded. Because such exposure misclassification was likely to be non-differential, it might have diluted the real associations in some studies, but would not be a valid argument against studies which reported a carcinogenic effect of magnetic fields.'0 [12] [13] [14] Potential confounders, such as age, sex, year of diagnosis, and socioeconomic status were controlled for in all seven studies. Except for that of Severson et al,I none of these studies controlled for the known leukaemogens such as benzene, ionising radiation, and chemotherapeutic chemicals. Risk factors for brain tumours and female breast cancer were likewise not considered in the studies of CNS tumours,"' 14'16 and female breast cancer.'0151516 Nevertheless, an incomplete adjustment for potential confounders might not necessarily represent a significant source of bias, as a factor must be associated with both disease and exposure to produce confounding. There is no clear indication that people living in an environment with increased magnetic fields would have a greater chance of being exposed to the known carcinogens for such cancers. Moreover, two studies have indicated no evidence of disparity in demographic characteristics and socioeconomic indices between people with and without increased residential magnetic fields.2223 Therefore, confounding by known variables is unlikely to explain the results from these studies. However, the likelihood that the associations found in some studies were attributable to confounding by unknown factors could not be completely dismissed, which is particularly essential when relative risk estimates are in the range of 1-5 to 2-0. There are a few hypotheses suggesting the plausibility of a causal relation between magnetic fields and cancer. Among them, two biological effects have been identified and replicated in the laboratory-that is, extremely low frequency electromagnetic fields impact on the production of the hormone melatonin by the pineal gland in whole animals, and on the calcium homeostasis in the cellular system. A substantial amount of experimental data indicated that the effect of extremely low frequency magnetic fields on cellular biochemistry, function, and structure can be related to induced current. However, most of the reported effects occurred at current density levels very much higher than those normally found in occupational or residential settings.24 From this perspective, it is still difficult to identify an underlying mechanism that could support any association between magnetic fields and adult cancers.
Conclusions
Based on the existing epidemiological results, the putative causal relation between residential exposure to magnetic fields and cancers among adults cannot be substantiated at this time mainly because of methodological limitations in the studies. Our review shows that inadequate statistical power is of far more a concern than bias in explaining the inconsistencies across studies. Only two studies'2 13 had adequate power (08) to detect a twofold increase in risk of leukaemia, and most studies that do not show a support for increased cancer risks had an inadequate number of subjects with increased exposure. Bias, on the other hand, is not likely to have been responsible for the positive findings, as no obvious indication of selection bias, information bias, and confounding could be identi- 
